’

gAcIerv FORM 602

-

> ‘gfc/{wcmo

National Aeronautics and Space Administration
Goddard Space Flight Center
1. Contract MNAS-S-}?GO A5

v’) ! k3 x.r-,,:“
~ ST~ AM=-AI-10420 ~

3
- EFFECTIVE RECOMBINATION COEFFICIENT

IN THE LOWER IONOSPHERE .

by
5 @o Nesterov 7
[fUssSR]

e

(PAGES) (C
ODE)
ﬁ(/ ' SN PO . '
(NASA CK OR TMX OR AD NUMBER) fCATE
)

7 30 NOVEMBER' 1965 /.

TAS



ST - AT - Al - 10 420

EFFECTIVE RECOMBINATION COEFFICIENT
IN THE LOWER IONOSPHERE *

Geomagnetizm i Aeronomiya by G. Nesterov
Tom 5, No. 5’ 855" 8"2,
Izd-vo "NAUKA", 1965

SUMMARY

The totsl equation for the effective recombinstion coefficient a'
in the lower ionosphere is analyzed. The expression is obtained for the
determination of variations of the dissocistive recombination coefficient
ae a function of temperature asnd of the zenithal angle of the Sun, It ie
shown that the temporal variations of the negative ion factor exert a sub-
stential influence on the value of «', particulerly in the lower part of
the Deregion. The dissociative recombination is the determining factor for
altitudes above the 80 — 85km range.

*
* L

Because of increased interest in the lower ionosphere, a series
of contributions have been lately made to the research on neutralizationm
processes in the lower ionosphere, namely in the D-region and below the
E-layer maximum. While a great number of data on the physical essence of
microprocesses exist for altitudes of the atmosphere above 100 km, access~-
ible for research by the method of vertical pulse sounding, there is still
an insufficient amount of information on neutraligation processes. The
causes of such a delay must be sought for mainly in the great physical, metho~
dological and technical difficultiee with which the research work in the
lower atmosthere is beset. |

The full information on ionization-neutrallzation processes for
heights exceeding 100 km ie included in the reviews [1, 2]. Material on
the loger ionosphere are dealt with in references [3-—-6] and others,
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Unfortunately, the discrepancies in the estimates of the recombina-
tion coefficient in the lower ionosphere reach one order and even more. The
cause of this probably lies in the difference of ionospheric conditions during
experiments and also in the difference of methods for determining the recom-
bination coefficient. This leads to substantial difficulties when studying
the physical nature, the behavior and the formation of the D-region during
various solar ~terrestrial conditions for a normal and disturbed ionosphere.

The effective recombination coefficient o' cannot be considered as
a statistical cuantity. Its velue is determined by the gquantitative correla-
tion between the ionized gas component, the nature and the rate of physico-
‘chemical and photochemicsl reactions taking place in the upper atmosphere,
the local meteorological'conditions in the considered region of the atmosphe-
re and the zenithal anzle of the Sun. Evidently, at such conditions «' will
have an exactly determined value for every concrete case and the object of
the present work is the analysis of causes conditioning the given value «'
~at a specific time, at the given place and for given conditions, and the
uncovering of a method for its numerical determination and concrete represen-
tation of data on the value of «'. This research refers to middle geographic:
latitudes; however, the method may be applied under any conditions,

The effective recombination coefficient is a sum of three compoments

1 dx
NI+m @ M
The first term accounté:@he effect of dissociative recombination,

o = a4 +ra; 4

the second -~ that of ionic recombination and the third — the influence of
negative ione' factor varistion (A) in the neutralization process. It is
generslly estimsted that the letter ir small and can be neglected by compa-
rison with the first two together. Forbrevity we shall denote it by €:
~warma o ©

then (1) takes the form A ,
@ =ad +hute R (3)
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Let us now consider the behavior and the significance of each of
the components (3). The dissociative recombination of the type

XY ¢ e X1 I
prevails in sectors with abundance of molecular ions XY*, On the other
hand, positive molecular ions, for example those of oxygen (0;), are created
+ ‘
2—+ 02 + Oy,
that is, in the region with sufficient concentration of atomic fions - in the
cease of O+. But, the atomic ions ot are the result of consecutive disso-

cistion processes 02 + h—» 0++ 0 and subsequent photoionization

as a result of charge-exchange according to the reaction ot+ 0

O +h—>0" 4+ e,

Since the photodissociation of ()2 begines at a height greater than
80km, hence the dissociative recombination ie the basic neutralization pro-
cess in the thermosphere., Determinant above 80km are the dissociative recom-
bination reactions of the type ’

02* + €0 4+ O, n2*+ e—N' 4+ N'",NO* 4+ e>N' &+ O'.

It was established by numerous laboratory and ionospheric experi-
ments that the coefficient of dissociative recombination of the i-th compo-
nent of ion content varies with temperature T according to the law

@q t= kT-n, (4)
at the sasme time the exponent n is different for various coméohenta of XY
Bates and Dalgasrno [7] find that &; is proportional to ‘1""/", but other
authors obtsin for the exponent values from - ¥2to %, .One of the last
investigations [6] givee the following values of the specific dependence

of a; on T for verious kindes of particles:
@g(0zt) = 710371 cx® sec 4, qq(Ngt) = 5-40-37-% ch? sec™
@g(NOt) =1,5-10-3T—"h cadsec -1,
Ivanov-Kholodnyy [1, 2] proposes for atmospheric molecular ions
O, N} and No* the dependence
€ = 52-10-8T-"% cx? sec™t ©)
basing himself mainly on ionospheric data.



From the investigations with mass-spectrometers installed on

rockets it may be seen [8] that at solar culmination to heights ~ 100 km

the ion Oé+ is prevailing. A similar investigation [9] shows that
the height of the Sun increases, the contribution of 04 to the gene
ion content for heights A~ 100 km increases also. The ion No* predomi
above that level, and that is why the equivalent dissociative recombd
coefficient for the 80 — 120km interval («;') is conditioned by the r

y @s
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ate of

vanishing of the component Ozf and NO'. For the n- components we may write

dN,t

e, NN,
i g1+ aylVy
dNat
= NaotN,
Tar_ et elrh
dN .+ -
dtn = gn + anlVa*N,

whence, after summing up,

A(NytNet 4.+ No¥) [dt = i+ @2+ ...+ g —
— (elVit 4 aeVo+ + ... +anNat) V.

Under quasi-equilibrium conditions we have
d(Nit 4+ No¥ ...+ Na¥) [dt =0,

whence
N =Z' 9.'/ > Gd‘Ni*', Ngi=N Z ad(N{h (6)
i i i i

The general balance equation at z >80km in daytime has the
dN | dt = q — ad'N?,
But under quasi-equilibrium conditions dN/dt ~ O, whence
g = ad’NV2 )
But q and 359' are identical quantities, as a consequence ©

we have from (6) ané (7)

1
“=F§%W‘ (8)

form

f which

Utilizing the average value of'ad for the i-th component, we obtain

a'=73, ( E:N¢+/N ) . )

The expression (9) is identical to that obtained by another
in [10)] for the formula of the effective recombination coefficient.

method




However, it is well known that while in daytime conditions the
total concentration of positive ions is near the concentration of electrons,
(A<€1 at 2z »80km), in night time conditions the difference between them
is significant ( A ®1 at 2 = 100km). According to mass-spectrometric inves-
tigations [9], carried out on rockets in daytime and nighttime conditions,
it has been established that the basic component Oé+ varies from day to
night according to the ratio ~ L : 1, From this conditions, as also from the
well known law on temporal variations of electron concentration in the E-layer
at z &~/ 100km, we may write on the basis of (9):

ad = adi(co§x)‘m. : (10)

In accordance with the established temperature dependences for the
dissociative recombination of the basic components at the heights considered
by us, where agy~ T~"»--T""5 we may assume o/ ~ T-' or n= 1, From absorption
measurements in short waves in daytime ()X ® 40°) we obtained for heights ~
~90km the equivalent recombination coefficient &,, »¢2 - 10"‘7 cm3 sec-l (11].
Under these conditions, and also from (4) and (10), we have

= aq’'T (cos x) ",

For the standard atmosphere CIRA- 1961 (see [12]) T =181°K and
k = 3,47 -10-5 = const. Hence, we finally have for all zenithal angles up
to 4 = 100°:

ad’ = 3,47-10~%/ T'(cos y) " (11)

The second term of the equation (3) takes into account the influence

of the ionic recombination, which responds to the reaction of the type

X-+ Y+>X 4+ Y.

Since the negative nitrogen ions are unknown, the most important

particles in that reaction remains the oxygén

O + Ot 07 + 07, .0~ +0+—0'+ 0, O +0-—>0)+0".
Evidently, O, plays in the ionic recombination in the daytime D-region

a role of first degree importance. Possible also are, however, the secondary
reactions

O~ + Nit — 0 + No/, Oz~ 4+ NO+— 0y + NO'.
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The generally admitted value of «; is a.iﬁlo"’ cm sec'-l. There
is an indication that as the temperature decreases, so does “i’ but the
empirical dependences are unknown.

Let us examine the role of negative ions represented by the factor
A= N /N and the rate of d\/dt variation with time. Here N and N are
the densities of negative ions and electrons, respectively. Under daytime

conditions the stationary value of A is given by Nicolet in [13]
A== Pn /vy + yn, (12)

vhere 9 is the adhesion factor of electrons to neutral atmospheric gas
:0lecules of density nj y, is the photodetachment coefficient; Yy is
the collisional detachment coefficient. As already mentioned, the process

of electron adhesion to N, gqnd N is unknown and that is why n may be

2
replaced in the numerator of (12) by n (02). According to [1k4, 15],

, B = xn(0,), . (13)
where X =(2 + 1) ° 10-3‘0 at T = 250°K. On the other hand, Yl varies with
cos )} [16, 17]; at the same time from (12) we have

A = xn?(0z) [ Y10 cos ¥ + yn. (14)

For the detachment coefficient Ym of the ion 02- values from 0,035
to 0.4k sec™t are given [18 —21], and for the collisional detachment coef-
ficient — the value Y =10"17 to &4 . 10™20
ticles and temperature [20, 22]. On the basis of the results presented in
the equation (14), we assume 7VYyq = 0.2 sec™ and Y = 10718 ¢n® gecl.
With these parameters and the data for n (02) [23] we obtained for the

standard atmosphere of [12] the family of curves A = f (2) X = const?

depending upon the kind of par-

represented in Fig. 1. It may be seen that during sunrise and sunset A
varies rapidly with time. We shall obtain the rate of A variation with time
by differentiating the equation (14)

d. 3  d(cosy) Ok
dt ~ d(cosy) oh ' -dt

whence, upon utilization of equations for f and certain transformations,

we shall obtain ,
v N Ywcosgcosdsink dh

dat Ywcosx+yn  dt

(15)




Here ¢, 6, h is the geographic latitude, the solar declination and
the hour angle of the Sun, respectively. It is clear that A is not a constant
quantity, as usually assumed, and dA/dt has a specific value for each con-

crete case by time and place.
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Evidently, the function cos A in the equations (14), (15) can be
substituted by (sec X)™1, and the latter, at zenithal angles L >75° — by
the Chapman function £ (Y, z) “1, Under these conditions, the term £ in the
equation (3) is plotted in Fig.2 for mean geographical latitudes and equi-
noxes as a function of height z at parameter ﬁ. At the same time, utilized
for N are the quantities obtained by measurements of absorption in short and
medium waves in the D-region and in various experiments with rockets, repre-
senting the partial reflection and the nonlinear effects in the lower iono-
sphere. Since the intense photodetachment of electrons from 02- begins at
zenithal angles X = 100° [2&, 253, X. was replaced by the equivalent angle
J' = § —10° The family of curves A«j (2) is also plotted in Fig.2. It may
be seen that in the 2z = 70+ 80 km altitude interval the components € and
Aui are of the same order and that the admission, often encountered in lite-
rature, that £ is a very small quantity, is not Jjustified. Here too are

shown the groups of curves reflecting the contribution of the dissociative
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recombination ag to the total neutralization process under conditions of
standard atmosphere which were obtained from the equation (11l). It may be
seen that the dissociative recombination is determining for heights » 85km
in daytime and above 95 km at nighttime. For the sske of comparison we gave
two curves for the profile of a&(Z) (upper curve according to calculations
of ref. [1, 2], lower curve — according to [6]). As may be seen, our curves

are an acceptable compromise between these two results.
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Fig. 2

The effective recombination coefficient, generalizing the result
of the effect of these three components, is plotted in Fig. 3 after the
equation (3); the parameter is the zenithal angle of the Sun X. As already
mentioned, for heights below 80km, the ionie¢ recombination and the variation
of the factor of negative ions have a special value, vhile above that limit
the dissociative recombination becomes determinant. The peculiar shape of
the profile for «' (z) is evidently due to the temperature inversion in
the region of the mesopause.

Let us recall that the given profile of « (z) constitutes only one
example responding to conditions on middle geographical latitudes for the
periods of spring and autumn equinoxes, and it refers to average meteorolo-
gical and aeronomical conditions in the uppér mes.osphere. With another setup
! (z) may undergo substantial deflections, depending upon the concrete con-
ditions in the sector considered, In particular, &' will have a seasonal

and latitude course — result of annual temperature variations and meridian
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effect, and also of density fluctuations and neutral gas content. It is pos-
sible also that a' will undergo the well known variation with the period
of solar activity.

It is interesting to compare the results obtained by us for the
guantity o' with other well known literature data. To that effect we plot-
ted in Fig. 4 the profiles of a' for %X =40 and 90°, comruted by our methods
and those obtained by other methods ([1, 2, 4, 5, 6]. Circles denote the results
of separate estimates of a' under different ionosphere conditions and for
different measurements, At 115km the value of &' was computed in [26]
1t time of the total solar eclipse of 15 February 1961. As was noted in [26]
the value of a' obtained in that investigation is the smallest possible
for the effective recombination in the E~layer : a' > 10"7 cm_3 sec-l(arrow
on the point in Fig. 4). The value of &' for z =90km was obtained in [11]
on the basis of relaxation and equivalent electron density in the D-region.
The value of &' at 77.5km (a*' =5 » 10'7 cm3

according to measurements of [27] during experimental nuclear explosions

sec-l) constitutes the average

in the upper atmosphere. According to investigations during chromospheric
flares attended by X-ray emission, Nestorov and Taubenheim [28] have deter=~
mined the mean effective recombination coefficient out of 400 ionospherie
effects (o 'ay 1.3 + 10°0 o’

which is two to three times more than the value of a' at quiet ionosphere.

sec-l) at an average altitude z =75 knm,

It is interesting that other authors too obtained overrated values for g
at times of chromospheric flares. Thus, Swift [29] found the mean value of
&' from absorption measurements with the aid of riometers (SCNA) to be

&' & 6.7 * 10 em’sec™t for z = 80km, while Mitra [30] obtained «' ==4 +10™
for z=65%m and Volland [31] hit higher values at a'= 9 10~ e sec™t

6

for z = 70knm.

These comparatively high values of a' are possibly conditioned by
high variation rates of the factor of negative ions ( dA /dt) during solar
chromospheric flares. The value &' =<3 ¢ 10-7 de sec-l, obtained in [32]
for z = 70km, constitutes an e:-:ception..

The profiles of &' (z) for winter conditions and in the presence

of a high temperature gradient in the region of the mesopause, obtained
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by applying our own method to the data of temperature measurements by
rockets [33] are given in Fig. k.
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A satisfactory agreement between the recults obtained by us for
t.e altitude r=nge above 80km is clearlvy vieible. Below 80km the data
from reference [4] are etrongly overrated, which aprarently is the
rerult of an overestimate of the role of the ionic recombination in the

vzlue of the efiective recombinaticn coefficient in the lower part of
the D-rezion.

s THE END sssa
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